Summary. Human islet amyloid polypeptide, at concentrations of 1-100 nmol/1, has been demonstrated to inhibit the insulin-stimulated increase in rat muscle glycogen content. However, at physiological concentrations (1-10 pmol/1) of islet amyloid polypeptide, no effects have been reported. We tested the effect of a wide range of concentrations of human islet amyloid polypeptide on insulin-and phorbol esterstimulated 3-0-methylglucose transport in in vitro incubated human skeletal muscle. Muscle specimens from the quadriceps femoris muscle were obtained from 23 healthy subjects with the use of a newly-developed open muscle biopsy technique. Human islet amyloid polypeptide at a concentration of 100 nmol/1 had no effect on basal glucose transport, but inhibited the stimulatory effect of a maximal insulin concentration (1000 gU/ml) by 69 % (p < 0.001). The presence of human islet amyloid polypeptide at 1, 10 and 100 nmol/1 decreased the effect of 100 btU/ml of insulin on glucose transport by 61% (p < 0.05), 78 % (p < 0.05) and 76 % (p < 0.05), respectively. Similarly, human islet amyloid polypeptide at a concentration of 10 nmol/1 inhibited phorbol ester-stimulated glucose transport by 100 % (p < 0.05). The inhibitory effects of human islet amyloid polypeptide on glucose transport were present in the muscle strips despite no net changes in glycogen content. Human islet amyloid polypeptide at 10 and 100 pmol/1 had no effect on the rate of insulin-stimulated glucose transport. In conclusion, pharmacological concentrations of human islet amyloid polypeptide inhibit insulinas well as phorbol ester-stimulated glucose transport in human skeletal muscle, while physiological Concentrations do not exert an inhibitory effect. Furthermore, these results suggest that the inhibitory effect of human islet amyloid polypeptide on glucose transport is located at a point distal to the insulin binding process.
The presence of amyloid deposits in the islets of Langerhans of Type 2 (non-insulin-dependent) diabetic patients has been well documented [1, 2] . The major constituent of amyloid is a 37 amino acid polypeptide termed islet amyloid polypeptide (IAPP) [2] , which has also been identified as diabetes-associated peptide [3] or amylin [4] . In rat stripped soleus muscles, hIAPP at concentrations between 1-120 nmol/1 decreased basal as well as insulinstimulated glycogen synthesis [4, 5] . Furthermore, during euglycaemic clamp studies in rats [6] and dogs [7] , infusions of hIAPP significantly decreased the rate of insulinmediated glucose disposal. In the latter studies, the peripheral concentrations of infused IAPP were not determined.
In rat skeletal muscle, rat IAPP (rIAPP) at concentrations of 10 and 100 nmol/1 [8] , as well as IAPP (species undefined by authors) at I btmol/1 [9] decreased insulin-stimulated 2-deoxyglucose transport. Conversely, 10 nmol/1 of hIAPP did not affect insulin-stimulated rates of 2-deoxyglucose transport in rat soleus muscles [10] . When using the non-metabolizable glucose analogue 3-0-methylglucose, no effect of rIAPP (1-100 nmol/1) was evident in isolated rat soleus muscles [8] . Thus, reports concerning the effect of lAPP on the glucose transport process in rat skeletal muscle are conflicting. In man, an infusion of synthetic hIAPP had no effect on i.v. glucose tolerance in healthy control subjects [11] . The effect of IAPP directly on human skeletal muscle remains to be studied. Furthermore, no effects have been reported at physiological concentrations of IAPR The aim of the present study was to investigate the effect of physiological and pharmacological concentrations of synthetic hIAPP on the cellular glucose transport process in human skeletal muscle. For this purpose, we employed an open muscle biopsy technique to obtain human muscle specimens suitable for in vitro incubations similar to the method reported by Dohm and co-workers [12] . 27 homogenized in i ml of 10 % trichloroacetic acid, and analysed for content of 3[H] and 14 [C] . A detailed description of the analytical procedure has been given elsewhere [14] .
Subjects and methods

Subjects
Muscle specimens from the vastus lateralis portion of the quadriceps femoris muscle were obtained from 23 healthy subjects (16 male and 7 female). None of the subjects were under any medication. These subjects were moderately engaged in physical activity 2-3 times per week. The study protocol was reviewed and approved by the ethical committee of the Karolinska Institute. The nature, purpose, and possible risks of the study were carefully explained to each subject before giving their consent to participate.
Open muscle biopsy procedure
The subjects reported to the laboratory following an overnight fast. Local anaesthesia (Mepivakain chlorid 5 mg/ml) was administered and a 4-cm incision was made 15 cm above the proximal border of the patella and the skin and fascia were reflected to expose the intact muscle fibres of the vastus lateralis portion of the quadriceps femoris muscle. The muscle specimen was clamped at resting length in vivo, excised, and immediately transferred to a beaker which contained oxygenated Krebs-Henseleit bicarbonate buffer [13] , 5 mmol/1 HEPES (N-2-Hydroxyethylpiperazine-N'-2-ethanesulphonic acid), 0.1% bovine serum albumin (KHB) and was further supplemented with 38 mmol/1 mannitol and 2 mmol/1 pyruvate and transported to the laboratory (<2min). Thereafter, muscle strips weighing 18.8 + 0.1 mg (range 7.35-33.15 mg) were dissected free, mounted on plexi-glass clamps (0.9 cm wide) and removed from the tissue specimen as described previously [12] . From one muscle specimen, 5-16 smaller muscle strips were obtained.
Incubation medium
All solutions were prepared daily from a KHB stock (pH 7.4), which was pre-gassed with 95 % 02/5 % CO2. Three types of media were used: 1) medium for pre-exposure, 2) pre-incubation medium, and 3) radioactive medium for 3-0-methylglucose transport measurements. The pre-exposure medium for each experiment contained KHB supplemented with 38 mmol/1 mannitol, 2 mmol/1 pyruvate and hIAPP at concentrations stated in the figures and tables. The pre-incuabtion medium contained KHB, 40 mmol/1 mannitol, insulin (0,100, and 1000 pU/ml) and hIAPP at the same concentration used in the pre-exposure medium. The radioactive medium for 3-0-methylglucose transport measurements consisted of KHB contain- 
In vitro muscle strip incubations
Islet amyloid polypeptide C-terminally amidated human IAPP was assembled by the solidphase procedure [15] using an Applied Biosystems 430 A synthesizer on p-methylbenzhydrylamine resin, tert-Butyloxycarbonyl amino acids were coupled as symmetrical anhydrids in two-fold molar excess, except for Arg(Tos), Asn and Gln, which were coupled as 1-hydroxybenzotriazole esters. Double couplings followed by capping with acetic anhydride were used throughout the synthesis. Sidechain-protecting groups were: Bzl for Ser and Thr, Br-Z for Tyr, MeBzl for Cys, Dnp for His, Tos for Arg and Cl-z for Lys.
The peptide resin (1 g) was treated overnight with 0.5 mol/1 thiophenol/dimethylformamide for removing of Dnp groups, and the peptide was liberated from the resin by reaction with hydrogen Fluoride (HF) (8 ml) in the presence of anisole (1 ml), p-thiocresol (0.2 ml) and dimethyl sulphide (1 ml). The resin obtained after removal of HF in vacuo was washed with ether and the peptide was extracted with total fatty acids and precipitated with ether. For formation of the disulphide, the peptide (25 rag) was dissolved in 0.5 mol/1 Tris-HC1, 6 mol/1 guanidine-HC1, 1% [3-mercaptoethanol and incubated under nitrogen for 2 h at 37 ~ The reduced material was desalted on Sephadex G-25 using 30 % acetic acid as eluent. The peptide-containing fraction (3 ml) was diluted to 100 ml with water, and the pH was adjusted to 8.3 with ammonia. The peptide solution was lyophilized after 5 h. Final purification was performed by reversed phase chromatography on a Nucleosil C18 column eluted with a gradient of acetonitrile in water containing 0.1% total fatty acids.
Plasma desorbtion mass spectrometry [16] on a Biolon 20 instrument showed the expected molecular mass. The absence of free sulphydryl groups in the oxidased material were determined by mass analysis after treatment with 4-vinylpyridine. The increase in molecular mass obtained by treatment of reduced IAPP with 4-vinylpyridine was not detected after treatment of the oxidased material.
Biochemical assays
Muscle biopsies which were excised during surgery, and incubated muscle strips were rapidly freeze-clamped with aluminium tongs cooled to the temperature of liquid nitrogen, and stored at -80~ for subsequent preparation and metabolic analysis as described earlier [14] . ATE phosphocreatine (PCr), lactate, and glycogen were analysed fluorometrically according to Lowry and Passonneau [17] , with slight modifications as indicated by Wallberg-Henriksson et al. [14] . Glycogen was assessed for the extract and the pellet, and the result was combined to indicate the glycogen concentration of the muscle [17] . In a pilot study, basal pre-incubation media was analysed for lactate dehydrogenase activity (LD) [18] following i h of muscle incubation. Blood samples were obtained from all subjects at the time of the muscle excision and were analysed for fasting serum glucose (Beckman Instrument Inc., Fullerton, Calif., USA), and serum immunoreactive insulin (Phadeseph Insulin RIA method Pharmacia, Uppsala, Sweden). The lower limit of sensitivity of the insulin assay was 3.0 gU/ml of insulin.
Immediately following tissue preparation, the muscle strips were placed in individual stoppered flasks in a shaking incubator (110 times/min) maintained at 35 ~ The muscle strips were allowed to recover for 15 min in KHB containing 2 mmol/1 pyruvate and 38 mmol/1 mannitol. Thereafter, the muscle strips were transferred to pre-exposure media for 15 min and then transferred to pre-incubation media for a 30-min incubation period. Following this procedure, the muscles were incubated at 35 ~ in 2 ml of radioactive medium for 30 min. The muscles were then freeze-clamped with aluminium tongs cooled to the temperature of liquid N2, weighed,
Chemicals
All chemicals were obtained from Sigma Chemical Company (St. Louis, Mo., USA) and enzymes were obtained from Boehringer Mannheim GmbH Biochemica (Mannheim, FRG). The BSA obtained from Sigma was essentially fatty acid free. The insulin (Actrapid) was a product of Novo-Nordisk A/S, (Copenhagen, Denmark). The 4 [3-phorbol 12 ]3-myristate 13 c~-acetate (PMA) was purchased from Pharmacia. All radioactive products were obtained from New England Nuclear (Boston, Mass., USA). 
Statistical analysis
The statistical significance of the differences between muscle strips incubated in the presence or absence of hIAPP as well as between directly frozen muscle biopsy specimens and incubated muscle strips (metabolic levels) was determined by Student's paired t-test. The statistical significance of the difference between the various concentrations of hIAPP was analysed by one-way analysis of variance (ANOVA), and differences between the concentrations were identified by the Newman-Keuls post hoc test. A significant level of p < 0.05 has been applied. Data are reported as mean + SEM,
Results
Subject characteristics
The subjects participating in the present investigation were 27 + 1 years of age, weighed 69.2+0.5 kg, were 178 + 2 cm in height, and had a body mass index of 22.7 + 0.5 kg/m< Serum glucose concentration at the time of the muscle excision was 4.0 + 0.2 mmol/l and the serum insulin concentration was 10.7 + 0.6 BU/ml.
Viability of muscle strip preparation
To assess the viability of the muscle strip preparation, high energy phosphate and glycogen levels were measured in biopsies which were frozen during surgery and in muscle strips obtained following 90 min of in vitro incubation ( Table 1 ). The in vitro incubation procedure resulted in slight decreases in ATP and PCr levels, whereas the glycogen content remained unchanged (Table 1) . In a pilot study, LD activity was analysed in basal preincubation media from muscle strips incubated for i h. To account for any LD contribution from the outer ends of the muscle strip a clamp with two exposed muscle ends was incubated under the conditions described above. This value represented LD activity which resulted from the loose tissue at the outer edges of the clamp (tissue blank). Lactate dehydrogenase activity did not differ between media exposed to a muscle strip (3.70 + 0.7 gkat/1, n = 6) and the tissue blank (3.57 + 0.3 gkat/1, n = 14) indicating that the muscle strips did not release significant amounts O f LD during the incubation period.
Effect of hlAPP on insulin-stimulated glucose transport
In the first series of experiments, hIAPP at a concentration of 100 nmol/1 was tested ( Table 2 ). In the presence of hIAPR basal 3-0-methylglucose transport was unaltered, whereas the stimulatory effect of insulin at concentrations of 100 and 1000gU/ml decreased 3-0-methylglucose transport by 100 % (/9 < 0.01) and by 69 % (p < 0.001), respectively. In the second series of experiments, a dose-response curve for the effect of hIAPP on insulin-stimulated (100 gU/ml) glucose transport was investigated (Fig. 1) . Insulin increased 3-0-methylglucose transport from 0.46 + 0.08 to 1.01 + 0.09 gmol-ml-1. h -1. Human IAPP at 10 and 100 pmol/1 did not alter this insulin effect on 3-0-methylglucose transport. However, 1,10 and 100 nmol/1 of hIAPP decreased the insulin-stimulated glucose transport by 61% (p < 0.05), 78 % (p < 0.05) and 76 % (p < 0.05), respectively (Fig. 1) .
Effect of hIA PP on phorb ol ester-stimulated glucose transport
Insulin-stimulated glucose transport may be inhibited by hIAPP directly at one or several step(s) in the metabolism of glucose. The possibility remains that hIAPP inhibits the glucose transport process by blocking the binding of in- sulin to its specific receptor. To test the latter hypothesis, the effect of hlAPP on phorbol ester-stimulated glucose transport was investigated. Phorbol esters (PMA) are believed to affect the glucose transport system distal to the insulin binding, possibly via activation of protein kinase C [19] . The presence of 0.25 mg/ml of PMA in the incubation media increased 3-0-methylglucose from 0.63 + 0.04 to 1.00 + 0.01 gmol. ml-1. h l (Fig.2 ). An addition of i nmol/1 hIAPP to the incubation media had no significant inhibitory effect on PMA-stimulated glucose transport (NS). The effect of PMA decreased by 100 % (p < 0.05) when 10 nmol/1 of hIAPP was added to the incubation media.
Glycogen and lactate levels
Glycogen and lactate levels were analysed in muscle strips exposed to either insulin plus 0, 1 and 100 nmol/l of hIAPP or to PMA and 0, 1 and 10 nmol/1 of hIAPR No significant changes in the levels of glycogen and lactate occurred during the 75 min of hIAPP exposure (Table 3) . 
Discussion
Islet amyloid polypeptide (IAPP) in pharmacological concentrations has a catabolic effect on glycogen levels in rat skeletal muscle [3, 4, 8, 10] . Our report presents additional evidence, which demonstrates that synthetic human amyloid polypeptide, hIAPR significantly inhibits insulinstimulated glucose transport in incubated human skeletal muscle. Using a recently developed technique to obtain human skeletal muscle for in vitro incubation, we found that pharmacological concentrations of hIAPP (1-100 nmol/1) inhibited the insulin-stimulated increase in the 3-0-methylglucose transport, but physiological concentrations (10-100 pmol/1) did not alter the rate of glucose transport. Since 3-0-methylglucose is a glucose analogue which is transported across the muscle cell membrane, but is not further metabolized, these data indicate that high concentrations of hIAPP affect the glucose transport process. An inhibitory effect of 10 and 100 nmol/1 of rat IAPP (rIAPP) on insulin-stimulated 2-deoxyglucose transport has been observed in studies using incubated soleus muscles [8] . 2-deoxyglucose is a glucose analogue which is transported over the cell membrane, phosphorylated by hexokinase, but is not further metabolized. In the latter study, 3-0-methylglucose transport was also assessed, but no effect of rIAPP in the 1-100 nmol/1 range was evident. Taken together the authors concluded that rIAPP inhibits the phosphorylation of glucose at the hexokinase step. In the presence of a considerably higher concentration of IAPP (1 gmol/I), a 60 % inhibition of insulin-stimulated 2-deoxyglucose transport was demonstrated in an isolated rat diaphragm preparation [9] . The prior investigations conflict with another recent study which reported that 10 nmol/1 of synthetic hIAPP had no effect on insulinstimulated rates of 2-deoxyglucose transport in rat soleus muscles [10] . The apparent discrepancies between our results, demonstrating an inhibitory effect of hIAPP on insulin-stimulated 3-0-methylglucose transport in human skeletal muscle, and the results of others [8, 10] , utilizing rat soleus muscle preparations are unclear. One primary explanation would be related to species differences. The glucose transport rate in isolated human skeletal muscle strips as reported here, and by others [12, 20] is considerably lower in basal as well as insulin-stimulated states when compared to values reported for isolated rat skeletal muscle [14, 21, 22] . Similarly, the number of glucose transporters in human skeletal muscle is considerably lower when compared to rat soleus muscle (Zierath and Wallberg-Henriksson, unpublished observation). Thus, human skeletal muscle, with a lower transport rate and quantitatively fewer transporters, may have an increased sensitivity to IAPP when compared to rat skeletal muscle.
However, it is plausible that the conflicting results presented in the literature may be attributed to a spontaneous inactivation of IAPP by deposition into amyloid fibrils. We attempted to avoid this by dissolving and diluting the peptide immediately before addition to the muscle strip media. Other possible considerations would be methodological differences of the muscle preparations, incubation procedure or purity of the IAPR Since these factors may play a critical role in the experimental milieu, further studies are necessary to clarify the influence of these components.
One possible mechanism for the inhibitory effect of hIAPP on the muscle glucose transport step could be a blocking, or an alteration of the binding of insulin to its receptor. To test this hypothesis, we stimulated glucose transport with a phorbol ester. The tumour-promoting phorbot ester, phorbol myristate acetate, has many insulin-like effects [23, 24] , including stimulation of glucose transport [21, 25, 26] . The effect of PMA on cellular glucose uptake is reported to be linked with its activation of protein kinase C [19] . The stimulatory effect of PMA on glucose transport was totally abolished when muscles were exposed to 10 nmol/1 of hIAPR suggesting that the effect of hIAPP on the glucose transport process occurs at a step distal to the insulin-binding step.
In man, measurements of circulating concentrations of hIAPR measured by radioimmunoassay techniques, have revealed that the physiological concentration of hIAPP is in the range of 1-10 pmol/1 [27] [28] [29] . Observed effects of hIAPP and rIAPP on glycogen levels [4, 5, 8, 10] and on rates of glucose transport [8] have been demonstrated using pharmacological concentrations (l-100nmol/1). However, IAPP has been suggested to be a contributing factor in the development of skeletal muscle insulin resistance in Type 2 diabetic subjects [4, 5] . In our study, 3-0-methylglucose transport was unaltered when physiological concentrations of hlAPP were tested. Thus, our data indicate that hIAPP may not play a role in the development of peripheral insulin resistance characteristic of Type 2 diabetes.
Decreased rat skeletal muscle glycogen content following IAPP exposure is well documented [4, 5, 8, 10] . Several reports suggest that glycogen degradation in the presence of IAPP is due to an inhibition of the glycogen synthesis step [4, 5, 8] . Yet one group has put forth evidence suggesting the possibility of an increased glycogenolysis to account for the glycogen degradation [8] . Results from a recent report utilizing the euglycaemic insulin-clamp technique to study glucose utilization in rat peripheral tissue demonstrates that hIAPP infusion decreases muscle glycogen synthesis [30] . The authors suggested that the observed inhibitory effect of hIAPP on skeletal muscle metabolism resulted from an increase in muscle glucose 6-phosphate levels and glycolysis, which in turn inhibit glucose transport.
In the present investigation, we were interested in examining the effects of hIAPP on the glucose transport step independent of any alteration in the glycogen level. Therefore, we used a glucose-free medium during the in vitro muscle incubations. With this protocol, glycogen and lactate levels were unaltered during insulin-or PMAstimulation. Furthermore, hIAPP did not affect the glycogen or lactate concentrations in the muscle strips. Thus, it was possible to differentiate between a direct effect of hIAPP on the glucose transport step and a secondary effect of the peptide on the glucose transport process by feedback regulation from changes in glycogen and glucose 6-phosphate levels [22, [30] [31] [32] . Since glycogen and lactate concentrations were not changed, our results, taken together with previously published reports, indicate that hIAPP exerts an effect on the glucose transport step in addition to inhibiting glycogen synthesis [4, 5, 30] .
We have utilized a technique which has recently been developed for in vitro incubation of human skeletal muscle strips [12] . Tissues obtained and incubated using this technique have been found to maintain adequate concentrations of high energy phosphate, when compared to directly frozen muscle biopsies [12, 20] . In addition, the muscle strips have been demonstrated to maintain an intact ultrastructure [12, 33] . We have augmented this technique by obtaining muscle specimens with an open muscle biopsy technique, thus avoiding general anaesthesia and major surgical trauma. Although ATP and PCr levels decreased in the incubated muscle strips, the values are well within the normal range of a healthy muscle [34] and correspond with previously reported measurements using this preparation [12, 30, 33] . In addition, the lactate dehydrogenase levels of the muscle strips remained low during the incubation period, indicating no significant tissue damage.
In conclusion, pharmacological concentrations of hIAPP inhibit insulin-as well as phorbol ester-stimulated increases in glucose transport in incubated human skeletal muscle. However, physiological concentrations of hIAPP have no inhibitory effect on the rate of insulin-stimulated glucose transport. These results suggest that pharmacological levels of hIAPP inhibit glucose transport at a point distal to the insulin binding process.
